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Strigolactones secreted by plant roots are exploited by parasitic plants as germination triggers, making their
synthesis and signaling important targets for crop protection. Meanwhile, genetic analyses have identified
several genes required for the synthesis and signaling of an unknown shoot branching inhibitor. Two recent
papers unite these two fields, showing that strigolactones control shoot branching.
The genetic programs governing plant de-
velopment are integrated with a complex
palette of environmental inputs to drive
the generation of plant form, adapted
to prevailing conditions. This impressive
feat of information integration is governed
by a set of small signalingmolecules, phy-
tohormones, which move through the
plant body and effect communication be-
tween plant organs and between the plant
and the environment. Classically there are
five classes of phytohormone—auxins,
cytokinins, ethylene, abscisic acid, and
gibberellins—but in recent years, it has
become clear that there are likely many
more. Newer additions to the canon in-
clude brassinosteroids and jasmonic acid,
and genetic analyses have strongly pre-
dicted the existence of others.
One example is provided by a set of
mutants identified in several species in-
cluding pea, petunia, Arabidopsis, and
rice (Mouchel and Leyser, 2007). The
main feature of these mutants is an in-
crease in shoot branching accompanied
by reduced stature. Grafting experiments
suggest that some of the mutations affect
genes required for the production of an
upwardly mobile signal that suppresses
shoot branching, whereas others affect
genes required cell autonomously for the
perception or transduction of this signal.
This idea was supported by the elucida-
tion of molecular identities of the Arabi-
dopsis genes. MAX1, MAX3, and MAX4,
mutants of which are graft-rescuable, all
encode enzymes that could contribute to
the synthesis of a small mobile com-
pound. In contrast, MAX2, which acts
locally in the shoot, encodes an F box
protein typical of plant signal transduction
pathways. Several MAX orthologs have
been associated with analogous pheno-
types in other plants. They are known as
RAMOSUS (RMS) genes in pea, and as
DWARF (D) or HIGH TILLERING DWARF
(HTD) genes in rice. RMS1/MAX4/D10
and RMS5/MAX3/HTD1/D17 encode
CCD8 and CCD7, respectively, which
are divergent members of the carotenoid
cleavage dioxygenase family. The en-
zymes can cleave a variety of carotenoid
substrates, and CCD8 can cleave the
product of the CCD7-catalyzed reaction.
MAX1, which encodes a P450, is pre-
dicted to act downstream of the CCDs.
Thus these threeMAX genes are constitu-
ents of a biosynthetic pathway with an
unknown end product.
Meanwhile, in the rhizosphere, strigo-
lactones have been identified as an end
product in needof a biosynthetic pathway.
Strigolactones are terpenes that were
originally identified as the plant-derived
compounds used by parasitic plants as
germination triggers, ensuring that germi-
nation only occurswhen a potential host is
near (Humphrey and Beale, 2006). Para-
sitic plants, such as Striga species, are
major agricultural pests, particularly in
Africawhere they constitute the single big-
gest biological cause of crop damage.
Given the importance of strigolactones in
the life cycle of these parasites, under-
standingmore about their biological origin
and mode of action have been major re-
search priorities. Two recent advances
in this area showed that strigolactones
are derived from carotenoids (Matusova
et al., 2005), and that they are an import-
ant signal in establishing the interaction
between plants and mycorrhizal fungi
(Akiyama et al., 2005). Eighty percent of
land plants can form symbiotic associa-
tions with fungi, in which mineral nutrients
collected by the fungus’ extensive hyphal
network are exchanged for fixed carbon
produced by the plant. These symbioses
arose very early in land plant evolution
and are thought to have been instrumental
in allowing successful invasion of the ter-
restrial environment. It therefore seems
likely that a primary role of secreted strigo-
lactones is to attract fungal symbionts,
with parasitic plants exploiting this system
to detect their hosts. Consistent with this
idea, strigolaconeproduction inmycorrizal
plants is strongly upregulated by phos-
phate starvation, the main nutrient limita-
tion combated through mycorrhization.
So, there is a biosynthetic pathway
starting with carotenoids and looking for
an end product, and an end product
made from carotenoids looking for a bio-
synthetic pathway. The happy ending to
the story is reported in two recent articles
in Nature, one focusing on pea (Gomez-
Roldan et al., 2008) and one on rice
(Umehara et al., 2008). Both show that
mutations in CCD7 and CCD8 genes
result in reduced strigolactone levels, in
LC-MS/MS and in bioassays for parasitic
seed germination and mycorrhizal re-
sponses. In contrast, the signaling mu-
tants d3 and rms4, which are orthologous
to Arabidopsis max2, are not strigolac-
tone deficient. Furthermore, exogenous
strigolactones restore wild-type shoot
system architecture to the rice, pea, and
Arabidopsis ccd mutants, but had no
effect on the rms4/max2/d3 signaling
mutants.
These results provide strong evidence
that the RMS/MAX/D pathway is involved
in strigolactone production and signaling.
In further support, 20-epi-5-deoxystrigol,
a major strigolactone in rice root exu-
dates, was quantified against standards
for the rice mutants. The results show
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undetectable levels in the CCD mutants,
but comparable levels to the wild-type in
the d3 signaling mutant, when grown in
phosphate-sufficient conditions. Interest-
ingly, in phosphate-deficient conditions,
as expected, levels were increased about
4-fold in wild-type roots, but there is
superinduction in d3 mutant roots, with
increases of about 10-fold. Previous
work has shown upregulation of the CCD
gene transcripts in pathwaymutants, sug-
gesting the sort of negative feedback on
signal synthesis common to many phyto-
hormone pathways. These new data sug-
gest that this feedback does not limit root
strigolactone levels in high-phosphate
conditions, but comes into play when stri-
golactone levels are higher, such as under
phosphate starvation.
There is still much to be discovered
about the biosynthesis and signal trans-
duction of strigolactones. The use of mul-
tiple plant systems in parallel, which has
proved so beneficial to date, will continue
to be play a major role, in part by circum-
venting genetic redundancy in any given
system. For example, Arabidopsis is the
only system for which max1 mutants
have been recovered, and there is good
evidence for additional pea, rice, and pe-
tunia mutants (not found in Arabidopsis)
that will help flesh out the pathway (e.g.,
Arite et al., 2007). Although it is clear that
this pathway is highly conserved, another
advantage of multiple systems is the op-
portunity to consider the differences be-
tween them, and hence address evolu-
tionary questions. Of particular interest
here is the central role played by strigolac-
tones in mycorrhizal symbiosis. This is an
important and likely early role for the
pathway that was subsequently lost in
nonmycorrhizal lineages such as theBras-
sicaceae, of which Arabidopsis is a mem-
ber. It will be very interesting to determine
whether the pathway, its regulation, or
both have changed significantly once
freed from the selective constraints that
maintain plant-fungal communication.
The data presented in these two papers
provide a membership card for strigolac-
tones in the phytohormone club. A char-
acteristic feature of phytohormones is
their promiscuity in regulating diverse de-
velopmental events. Strigolactones have
already been implicated as endogenous
germination promoters, and these papers
demonstrate a role in shoot branching
control. The phenotypes of the max3,
max4, and max1 mutants are not very
pleiotropic, but themax2 signaling mutant
displays a wider range of phenotypes in-
cluding affected seedling light responses
(Shen et al., 2007) and senescence (Woo
et al., 2001). In this context it is interesting
to note that both papers report that
extracts from the ccd mutants still have
significant activity in strigolactone bioas-
says. This could result from weak redun-
dancy between the CCDs as suggested
in petunia (Simons et al., 2007). Alterna-
tively, there may be an additional pathway
for strigolactone synthesis, another fea-
ture common to many phytohormones.
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